Abstract-In this paper, we investigate the impact of cooperation between a secondary transmitter-receiver pair and a primary transmitter on the maximum stable throughput of the primary-secondary network. Each transmitter, either primary or secondary, has a buffer for storing its own traffic. In addition to its own buffer, the secondary transmitter has a buffer for storing a fraction of the undelivered primary packets due to channel impairments. Moreover, the secondary destination has a relaying queue (buffer) for storing a fraction of the undelivered primary packets. In our proposed cooperative system, the secondary transmitter and the secondary destination increase the spectrum availability for the secondary packets by relaying the unsuccessfully transmitted packets of the primary transmitter. We consider two multiple-access strategies to be used by the secondary transmitter and the secondary destination to utilize the silence sessions of the primary transmitter. Numerical results demonstrate the gains of our proposed cooperative system over the noncooperation case and the systems when the secondary transmitter is the only cooperating node in the network.
most efficient ways to increase spectrum usage is to use a secondary system that overlaps with the primary licensed system. The intuitive intention behind secondary spectrum licensing is to efficiently improve the spectral usage of the network while, depending on the type of licensing, not perturbing the higher priority users (primary users). Cognitive radio systems are seen as a candidate prime solution that can significantly mitigate the current low spectral efficiency in the electromagnetic spectrum.
Cognitive radio provides a very efficient framework for modern wireless communication applications such as vehicleto-vehicle communications [3] [4] [5] . One can envision a vehicleto-vehicle communication where the two communicating vehicles are considered the cognitive users enabling them to tab into nonutilized spectrum holes in a licensed spectrum owned by the transportation infrastructure or even surrounding cellular infrastructure. In such scenarios, the communicating vehicles (both transmitting and receiving) can further motivate the spectrum owner by providing added diversity through relaying unsuccessful primary transmissions to its final destination. Indeed, the benefit is mutual since the cognitive radio users (i.e., transmitting and receiving vehicles) also benefit from relaying the primary data since it will increase the chances of the primary queue being emptied, hence leaving more spectrum holes to be utilized by the secondary user.
Cooperative diversity is a recently emerged technique for wireless communications that has gained wide attention [6] . In [6] , two cooperative cognitive protocols were proposed for a multiple-access system with a single relay. The relay aids the transmitting-node transmission during their idle time slots. The maximum stable-throughput regions of the proposed protocols, as well as the queuing delay of symmetric nodes, were investigated.
Recently, the idea of integrating cooperative communications and secondary utilization of the spectrum has received a wide attention [7] [8] [9] [10] [11] [12] . In [7] , a cooperative scheme was considered, where the secondary transmitter is used as a relay node for the undelivered packets of the higher priority user. The use of an admitting parameter to control the relaying fraction was also suggested. In [8] , an extension of the problem with multiple secondary transmitters acting as relays for the undelivered packets of the primary user was proposed, with and without opportunistic sensing scheme. In addition, Gambini et al. [8] assumed a priority in transmission given to the relaying packets. In [9] , Elsaadany et al. assumed that the cognitive transmitter 0018-9545 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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will be allowed to use the primary channel if the primary transmitter is not using the spectrum. A priority of transmission is given to the relaying packets over the secondary packets. It is assumed that the secondary user decides to relay a certain fraction of the undelivered packets of the primary user to minimize the secondary queuing delay subject to a power budget used for relaying the primary packets. In [10] , a cluster of secondary users that help the primary user with a single relaying queue accessible by all the secondary users was proposed. In [11] , a network with two primary users and one secondary user, which relays their undelivered packets in their free time slots, was considered.
In this paper, we assume slotted-time systems. We propose a cooperative cognitive protocol and characterize its stability region. The cognitive transmitter-receiver pair tries to utilize the periods of silence of the primary transmitter to increase the reliability of communications against random channel fades for the primary transmissions and to allow the secondary user to utilize the channel effectively. The primary and secondary transmitters maintain buffers (queues) for storing their own data traffic. In addition to its own queue, the secondary transmitter maintains another queue for storing a fraction of the undelivered primary packets. The secondary destination maintains a relaying queue for storing a fraction of the primary undelivered packets. When the secondary system declares an empty time slot, the slot is then used to either help the primary system or to allow the secondary packets to be served. Unlike [9] , we further consider the case where, in addition to the secondary transmitter, the secondary destination is also capable of relaying the undelivered primary packets and incorporate multipacket reception (MPR) capability [13] added to the receiving nodes. In contrast to prior art, and taking into account that at any point in time a fraction of the secondary users are operating as destinations, the incorporation of buffered relaying capability at the secondary destination nodes is advantageous in one of two ways: 1) Compared with previously studied systems, where only secondary transmitters are capable of relaying, our system is more efficient in utilizing the available relaying degrees of freedom; and 2) compared with the case where previous literature assumed that the model of transmitter relaying is used to represent relaying capabilities in all cognitive nodes whether they are transmitters or destinations, our proposed model is more accurate. To manage the case when both the secondary transmitter and destination can decode the primary packet, we define the priority of keeping probability, which gives one of the nodes the priority of storing the undelivered primary packet. We also assume certain acceptance probability for each of the relaying queues to manage the flow of packets to the queues and control the queues stability.
We make the following contributions in this paper.
• We propose a new cooperative cognitive radio system, which, to the best of our knowledge, has yet to be proposed in cognitive networks with buffered terminals. In our proposed cooperative cognitive radio system, not only the buffered secondary source is capable of helping the primary source by relaying its data but the buffered secondary destination is capable of the same thing as well. This increases the total relaying capacity of the secondary network, which will increase the chances of emptying the primary user's queue, hence, allowing more spectrum holes to be available for the secondary network.
• We propose an access probability assigned to each queue (i.e., queue selection probability) of the secondary transmitter-receiver pair and a controllable factor added to each relaying queue. The relaying queues' admitting factors control the arrival processes of the relaying queues and the service process of the primary queue, whereas the access probabilities control the service processes of the queues.
• To manage the spectrum access of the secondary transmitter and the secondary destination, we consider two multiple-access policies. Specifically, we investigate the case of random-access scheme and time-division multiple-access scheme.
• We consider MPR capability added to the primary receiver. Thus, in the case of random-access scheme adopted by the secondary transmitter and the secondary destination, the nodes can exploit the MPR capability of the primary receiver when two nodes access at the same time.
• For a random-access scheme, we provide an inner bound on the stability of the primary-secondary network, which is based on the union of two dominant systems. Furthermore, we provide an outer bound on the stability of the primary-secondary network, which is based on the intersection of two outer bounds.
• We discuss and derive the exact stability regions of two simplified systems of the proposed system, which have been previously investigated in several papers. Under these two systems, the secondary transmitter is the only node that may cooperate with the primary transmitter.
• We prove the convexity of the stability regions of the simplified systems.
The remainder of this paper is organized as follows. In Section II, we describe the system model adopted in this paper. The stable-throughput regions of the proposed systems are considered in Sections III-V. In Section VI, we provide some numerical results, and finally, conclusions are drawn in Section VII.
II. SYSTEM MODEL
We consider the cognitive relaying system shown in Fig. 1 . Time is partitioned into slots, each of length T time units. We assume time-slotted transmissions where all packets have the same size and one time slot is sufficient for the transmission of a single data packet. Each packet contains b bits. The secondary transmitter and the secondary destination sense the channel every time slot for τ < T seconds to detect the possible activity of the primary transmitter, i.e., active or inactive. The sensing process is assumed perfect. 1 The cognitive radio system will be able to send a packet in each time slot during the idle sessions of the primary user. The main assumptions of the system model at both the medium access control (MAC) and physical (PHY) layers are given in the following.
A. PHY-Layer Assumptions
For convenience, we denote the primary transmitter as "p," the primary destination as "pd," the secondary transmitter as "s," and the secondary destination as "sd." Let h t j,k denote the channel coefficient between nodes j and k (j → k link) in time slot t ∈ {1, 2, . . .}, where j, k ∈ {s, sd, p, pd} and j = k. We assume that h t j,k is distributed according to a zero-mean circularly symmetric complex Gaussian random variable with variance σ 2 j,k , i.e., CN (0, σ 2 j,k ). The channel coefficient of a link remains constant during a time slot but changes identically and independently from one time slot to another. All links are independent from each other. Each link is perturbed by a zero-mean complex additive white Gaussian noise (AWGN). The spectral density of the AWGN at receiver k is N k W/Hz. We consider MPR channel model that can capture the effect of interference and fading at the PHY layer better than the collision channel model [13] . Packets could survive the interference caused by concurrent transmissions if the received signalto-interference-plus-noise ratio (SINR) exceeds the threshold required for successful decoding at the receiver. For the j → k link, the probability of successful reception of the packet sent from node j to node k when there is a concurrent transmission from node is given by P j,k = Pr{SINR > γ is a function of different factors in the communication system; it is a function of the application, the modulation, the signal processing applied at encoder/decoder sides, error-correction codes, and many other parameters [6] . Given the channel model described earlier, if there is no concurrent transmission, the outage probability between nodes j and k can be calculated as follows:
where O j,k denotes the event that the j → k link is in outage, P j denotes the transmission power of node j in watts per hertz, γ (th) j = 2 R j − 1, and R j = b/T j /W , with b being the packets size in bits, T j being the transmission time of node j, and W being the channel bandwidth in hertz. Note that the primary user transmits over the whole time slot whenever its queue is nonempty; hence, T p = T . On the other hand, both the secondary transmitter and the secondary destination transmit after sensing the channel for τ seconds; hence,
From the results in Appendix A, the probability of correct reception of a transmitted packet from node j to node k when there is a concurrent transmission from node is given by
where X = 1 − X , and {T } is the event that the terminal is transmitting a packet. For more details regarding the MPR channel model, see [13] [14] [15] [16] [17] and the references therein.
B. MAC Layer Assumptions
We assume that the primary transmitter maintains a buffer Q p to store the incoming traffic packets, whereas the secondary transmitter maintains two buffers: Q s to store its own arrived traffic packets and Q ps to store a fraction of the undelivered packets of the primary transmitter. The secondary receiver maintains a relaying queue, which is denoted by Q sd , to store a fraction of the primary undelivered packets. All buffers are assumed of infinite capacity. The arrivals at Q p and Q s are assumed Bernoulli random variables with mean arrival rates λ p and λ s packets per time slot, respectively. Furthermore, the arrivals are independently and identically distributed from slot to slot, queue to queue, and terminal to terminal.
The queue size Q t i , i ∈ {p, s, ps, sd} evolves as follows:
where U + is defined as (x) + = max{x, 0}. We assume that departures occur before arrivals and that the queue size is measured at the beginning of the time slot [6] .
A fundamental performance measure of a communication network is the stability of its queues. We are interested in the queues size. More rigorously, stability can be defined as follows [6] , [18] .
Definition: Queue Q i , i ∈ {p, s, ps, sd}, is stable if
If the arrival and service processes are strictly stationary, then we can apply Loynes' theorem to check for stability conditions [6] , [19] . This theorem states that, if the arrival process and the service process of a queue are strictly stationary processes, and the average service rate is greater than the average arrival rate of the queue, then the queue is stable. If the average service rate is lower than the average arrival rate, then the queue is unstable. Note that this theorem is valid only when queues are decoupled from each other [7] . In our proposed system, shown in Fig. 1 , the secondary transmitter accepts a fraction f s of the undelivered primary packets to be admitted to its relaying queue, whereas the secondary receiver accepts a fraction f sd of the undelivered primary packets. We assume that for successfully decoded packet by both the secondary transmitter and the secondary receiver, a priority of keeping that packet is one of the optimization parameters of the system, which is denoted by a binary value P ∈ {0, 1}. If the priority is assigned to the secondary receiver, then P = 1; otherwise, P = 0. To implement this feedback mechanism among different nodes, which possibly receive the same primary packet, we assume that the acknowledgements (ACKs) and negative acknowledgements (NACKs) messages sent by the node with higher priority of keeping are sent earlier than the messages that are sent by the node with a lower priority of keeping. Let τ 0 , τ 1 , τ 2 , and τ 3 denote four consecutive time instants within a time slot, where τ 3 represents the end of the time slot. The node with a higher priority of keeping transmits ACKs and NACKs from τ 1 < τ 2 to τ 2 within the time slot, whereas the other node transmits from τ 2 < τ 3 to τ 3 . Note that the primary destination has the highest priority for feedback transmission over both the secondary transmitter and secondary receiver, and it sends the feedback signals over the time interval between τ 0 < τ 1 and τ 1 . The MAC layer is assumed to obey the following rules.
• Assign the priority of keeping the undelivered primary packets to the secondary transmitter or the secondary receiver at the beginning of the transmissions.
• The primary transmitter transmits the packet at the head of its queue if its queue is nonempty. If the primary queue is empty, the time slot is free.
• If a packet is received successfully by either the primary receiver, the secondary transmitter, or the secondary receiver, the packet is then removed from the primary transmitter's queue (the secondary transmitter or the secondary receiver needs to send an ACK if a packet is not decoded correctly by the primary receiver in this case).
• If both the secondary transmitter and secondary receiver decode a packet correctly and the primary receiver cannot decode it, the terminal which has the priority of keeping stores the packet, whereas the terminal with the lower priority of keeping drops that packet.
• If a packet is not received successfully by the primary receiver, the secondary transmitter, and the secondary receiver, the primary transmitter retransmits this packet in the next time slot.
• At each sensed free time slot, the secondary transmitter and secondary receiver may adopt either a random access (RA) scheme or a time-division multiple-access (TDMA) scheme. In the case of the RA scheme, the secondary transmitter and the secondary receiver randomly access the channel. The secondary transmitter transmits a packet from its own queue with probability α s , retransmits a packet from the relaying queue with probability α sp , or remains idle with probability α i = 1 − α s − α sp . The secondary receiver retransmits the undelivered packets of the primary transmitter with probability α sd or remains idle with probability 1 − α sd . 2 In the case of TDMA, the time slots are assigned probabilistically to the secondary transmitter or the secondary receiver. The probability of assigning a time slot to the secondary transmitter is ω, whereas the probability of assigning a time slot to the secondary receiver is 1 − ω. Moreover, the secondary transmitter selects one of its queues for transmission with certain probability. Specifically, the secondary transmitter selects a packet from its own traffic with probability α or selects a packet from the relaying traffic with probability 1 − α.
• In the case of the RA scheme, there is a possibility of concurrent transmissions. Packets could survive the interference caused by concurrent transmissions between the secondary transmitter and the secondary receiver if the received SINR exceeds the threshold required for successful decoding at the primary receiver.
It should be pointed out here that the RA-based system can exploit the MPR capability of the primary receiver due to the possibility of concurrent transmissions. This can provide an advantage for the RA-based system over the TDMA-based system at strong MPR capability 3 of the primary receiver. On the other hand, the TDMA-based system can outperform the RAbased system at weak MPR capability because of its collisionfree property, which guarantees higher successful transmission probabilities for packets.
We assume that the overhead for transmitting the ACK and NACK messages is very small compared with packet sizes. The second assumption we make is that the errors and delay in packet acknowledgement feedback are negligible, which is reasonable for short-length ACK/NACK packets as low rate codes can be employed in the feedback channel [6] . In addition, nodes cannot transmit and receive at the same time [13] .
III. STABILITY ANALYSIS OF S (RA)
Here, we investigate the stability region of system S under the RA transmission policy. This system is denoted by S (RA) . The service and arrival processes of the queues are explained as follows. For the primary queue, given that the priority factor P = 1, i.e., the priority of keeping the packet is assigned to the secondary receiver, a packet can be served in either one of the following events: 1) The primary channel is in outage, the secondary receiver decides to accept the packet (which occurs with probability f sd ), and the p → sd link is not in outage;
2) the primary channel is in outage, the secondary transmitter decides to accept the packet (which occurs with probability f s ), the secondary receiver decides not to accept the packet (which occurs with probability 1 − f sd ), and the associated link whose channel coefficient is given by h t p,s is not in outage; 3) the primary channel is in outage, and the secondary transmitter and the secondary receiver both decide to accept the primary packet and both decode it correctly 4 ; or 4) the channel between the primary transmitter and primary receiver is not in outage, i.e., O t p,pd is true. 5 The service process can be modeled as
where 1[·] denotes the indicator function, and A m , for m = {1, 2, 3, 4}, are the events described above. From the given argument, it is clear that U t p is a stationary process and has a finite mean, i.e.,
where E{·} is the statistical expectation operation.
If we take the priority of keeping factor into account, the general formula of the average service rate of the primary transmitter is given by
It should be mentioned that μ p is independent of P. We note that, without cooperation, the primary mean service rate is P p,pd . Thus, cooperation increases the primary mean service rate by I. Since the primary queue is decoupled from the other queues, the probability that the primary queue is empty is given by
where λ p < μ p represents the stability condition of the primary queue Q p . For queue Q s , the service process can be modeled as 4 The primary packet will be buffered to the secondary receiver queue and dropped from the secondary transmitter queue due to the priority of keeping assigned to the secondary receiver. 5 O denotes the complement of the event O.
where {Q t p = 0} is the event that the primary queue is empty in time slot t; A t s denotes the event that, in time slot t, the secondary transmitter assigns the channel to the relaying queue, which occurs with probability α s ; O t s,sd denotes the complement of the outage event of the s → sd link; {Q t sd = 0} is the event that the secondary receiver queue is empty; and A sd is the event that the secondary receiver is idle. From the given argument and using the expression given by (9) , the mean of U t s is given by
Consider now the relaying queue of the secondary transmitter Q ps . Given that the primary queue is empty in time slot t and the secondary transmitter chooses to access the channel using the relaying queue (which occurs with probability α sp ), a packet from queue Q ps can be served in either one of the following events: 1) The secondary receiver is idle, and the channel between the secondary transmitter and the primary receiver is not in outage; 2) the secondary receiver does not access the channel (which occurs with probability α sd ), its queue is not empty, i.e., Q t sd = 0, and the channel between the secondary transmitter and the primary receiver is not in outage; or 3) the queue Q sd in time slot t is not empty, the secondary receiver accesses the channel (which occurs with probability α sd ), and the complement of the event outage of the link between the secondary transmitter and the primary receiver, i.e., 1[O t s,pd |T sd ] = 1, where O t j,k |T denotes the complement of the outage event of the channel between nodes j and k when there is a concurrent transmission from node . Mathematically, this can be modeled as follows: (12) where E t m , for m = {1, 2, 3}, are the events described earlier.
The expected value of the service process of the queue Q ps is given by
Consider now the secondary receiver's relaying queue Q sd . Given that the primary queue is empty in time slot t, a packet from queue Q sd can be served if in time slot t in either one of the following events: 1) The secondary receiver decides to access the channel (which occur with probability α sd ), the secondary transmitter has no packets in any of its queues, i.e., Q t s = 0 and Q t ps = 0, and the complement of the event outage of the link between the secondary receiver and the primary receiver; 2) the secondary receiver decides to access the channel Q t ps = 0, Q t s = 0 , the secondary transmitter does not access the channel (which occurs with probability α sp ), and the link between the secondary receiver and the primary receiver is not in outage; 3) the secondary receiver decides to access the channel, the event that the secondary transmitter's queues are Q t ps = 0 and Q t s = 0, the secondary transmitter does not access the channel (which occurs with probability α s ), and the link between the secondary receiver and the primary receiver is not in outage; 4) the secondary receiver decides to access the channel, the event that the secondary transmitter's queues are Q t ps = 0 and Q t s = 0, the secondary transmitter does not access the channel (which occurs with probability α i = 1 − α sp − α s ), and the link between the secondary receiver and the primary receiver is not in outage; 5) the secondary receiver decides to access the channel, Q t ps is nonempty, the secondary transmitter accesses the channel (with probability α sp ), and the complement of the outage event of the link between the secondary receiver and the primary receiver given a transmission between the secondary transmitter and the primary receiver, i.e., 1[O t sd,pd |T s ] = 1; or 6) the secondary receiver decides to access the channel, Q t s is nonempty, the secondary transmitter accesses the channel (which occurs with probability α s ), and the link between the secondary receiver and the primary receiver is not in outage. This can be modeled as
where F t m , for m = {1, 2, . . . , 6}, are the events described earlier. The expected value of the service process of the relaying queue Q sd is given by
The arrival process to the relaying queue Q ps can be described as follows. Given that P = 1, the primary transmitter's queue is not empty, i.e., {Q t p > 0}, the associated channel between primary transmitter and primary receiver is in outage, the secondary transmitter decides to accept the packet, and the channel between the primary transmitter and the secondary transmitter is not in outage, a packet departing from a primary queue is stored in Q ps (i.e., counted as an arrival) if one of the following two events happen: 1) The secondary receiver decides to accept the packet from the primary transmitter, and the associated channel between the primary transmitter and the secondary receiver is in outage; or 2) the secondary receiver decides not to accept the packet. The process is modeled as
where W m , m ∈ {1, 2} are the events described earlier, and Pr{Q
The process is stationary, and the expected value of the arrival process is expressed as
Adding the priority of the keeping factor, the mean arrival rate of the relaying queue Q ps is given by
The arrival process to Q sd can be described as follows. The event that the primary has packets, i.e., {Q t p > 0}, the secondary receiver decides to accept a packet from the primary transmitter, i.e., 1[W t sd ] = 1, the p → sd link is not in outage, and the p → pd link is in outage. The process can be modeled as
The process is stationary, and the expected value of the arrival process to the queue Q sd is expressed as
If we involve P, the mean arrival rate of the secondary receiver queue is given by
Since the mean service rates of the queues at nodes s and sd depend on each other's queue size, these queues are called interacting queues, and consequently, the rates of the individual departure processes cannot be computed directly. To overcome this problem, we utilize the idea of stochastic dominance, which has been applied before to analyze interacting queues in ALOHA systems [6] , [13] , [20] , [21] , to obtain inner bounds on the stability region. For the outer bounds, we upper bound the queue service rates such that the service rates of the queues become decoupled.
A. S (RA) : Inner Bound
The inner bound is the union of two inner bounds based on two dominant systems.
1) First Dominant System: In this system designated as S 1 , Q sd and Q s send dummy packets when their queues are empty, and Q ps behaves exactly as it would in the original system S (RA) . Now, we can write down the service and arrival rates of the queues Q s , Q ps , and Q sd as follows. The mean service rates of Q s and Q ps are given by
Since the relaying queue Q ps is now decoupled from the other queues, the probability of {Q ps = 0} is given by
where λ ps < μ ps represents the stability condition of the relaying queue Q ps . Therefore
According to the construction of the dominant system S 1 , it is easy to see that the queues of the dominant system are never less than those of the original system, provided they are both initialized identically (with the same initial conditions for queue sizes in both the original and dominant system). This is because, in the dominant system S 1 , the secondary receiver transmits dummy packets, even if it does not have any packets in its queue and therefore interferes with the secondary transmitter in all cases that it would in the original system. Therefore, if the queues at all nodes are stable in the dominant system, then the corresponding queues in the original system must be stable. The first inner bound for the stable-throughput region of S (RA) , denoted by R(S 1 ), which is based on S 1 , is given by the closure of the rate pairs (λ p , λ s ) constrained by equations shown above as f s , f sd , α s , α sp , and α sd vary over [0, 1], and P varies over {0, 1} [13] , [21] . For a fixed λ p , the maximum secondary stable throughput is obtained via solving the following optimization problem (as in [6] and [13] ):
2) Second Dominant System: The second dominant system is designated as S 2 , where the secondary transmitter is the one that sends dummy packets from Q s and Q ps , i.e., Pr{Q s = 0} = Pr{Q ps = 0} = 0, and the secondary receiver behaves exactly as it would in the original system S (RA) . In this case, the mean service rate of Q sd is given by
The probability that Q sd is empty is given by
where λ sd < μ sd . Thus, the mean service rate of the secondary transmitter's queues are given by
The second inner bound for the stable-throughput region of S (RA) , denoted by R(S 2 ), which is based on the dominant system S 2 , can be obtained by formulating a constrained optimization problem similar to that discussed above for the first dominant system, where we fix λ p and maximize μ s as f s , f ps , α s , α sp , and α sd vary over [0, 1], and P varies over {0, 1}.
B. S (RA) : Outer Bound
Here, we provide two outer bounds for S (RA) .
1) First Outer Bound:
The first outer bound for the S (RA) , denoted by S (o) 1 , can be obtained using the total probability theorem and by upper bounding the joint probabilities using Bayes' theorem [22] . More specifically
Based on Bayes' theorem, we have
where B 1 and B 2 are any two arbitrary events. Using (31), we can upper bound the quantities in (15) . Based on the given facts, the mean service rates of the secondary transmitter's queues and the secondary destinations' relaying queue can be upper bounded as follows:
When the inequalities in (32) hold to equalities, the queues are no longer interacting; hence, we can obtain the first outer bound by solving a constrained optimization problem to get the closure (λ p , λ s ). The optimization problem is similar to the one in (26) . The optimization problems of the first and second dominant systems and the first outer bound are solved numerically using MATLAB's fmincon [1] , [23] [24] [25] [26] .
2) Second Outer Bound: Another outer bound that can be stated analytically is obtained as follows. Using (8)
When the inequality in (33) holds to equality and applying Loynes' theorem, we obtain
Denote the second outer bound as S
2 . The outer bound can be characterized by the following rate pairs:
The outer bound S (o) of S (RA) is the intersection of the two outer bounds, i.e., R(S
2 ). Note that since the service rates of the queues in S (λ p , λ s ) ) below the outer bound is either stable or unstable, but all points above the outer bound are unstable. On the other hand, all points below the inner bound are stable, but any point above the inner bound is either stable or unstable.
C. Case of Strong MPR
Here, we discuss the case of strong MPR capability. In this case, the primary receiver can decode the packet sent by the secondary transmitter and the secondary receiver with the same probability as in case of no interference. That is, P sd s,pd = P s,pd , and P s sd,pd = P sd,pd . This is the case, for example, when γ
) − 1 is much less than unity, i.e., when the packet size b is much smaller than the product T W . In this case, the secondary transmitter and the secondary receiver can send their packets simultaneously without any losses for the packet successful decoding probabilities with respect to the interference-free scenario. To further improve the performance and to exploit the MPR capability of the primary destination, we assume further decoding complexity at the secondary destination such that it implements the full-duplex techniques proposed in [27] to enable simultaneous information transmission and reception over the same frequency band. Thus, the secondary transmitter can send its own packets to its destination, and both the secondary transmitter and destination can send the (primary) relaying packets to the primary destination at the same time. Using these modifications, since all the transmitting nodes can transmit simultaneously to the respective destinations, we can set α s = α sp = α sd = 1. The service and arrival rates of the queues are then given by
The optimal pair of fractions (f s , f sd ) and P can be obtained via finding the set of points that satisfy the relaying queues stability constraints, i.e.,
We emphasize that the RA-based system S (RA) requires less cooperation and coordination between the secondary transmitter and the secondary receiver for its implementation relative to the TDMA-based system S (TDMA) .
IV. STABILITY ANALYSIS OF S (TDMA)
Here, we investigate the stability region of system S under the TDMA transmission policy. Under the TDMA transmission policy, the sensed free time slots are shared between the secondary transmitter and the secondary receiver probabilistically. The probability of assigning a time slot to secondary transmitter is ω, whereas the probability of assigning a time slot to secondary receiver is 1 − ω. Moreover, the secondary transmitter selects one of its queues for transmission randomly whenever it detects a free time slot. The probability that the secondary transmitter selects Q s is α, whereas the probability that the secondary transmitter selects Q ps is 1 − α. The mean service rate of the primary queue and the arrival rates to the relaying queues are given by the expressions provided earlier. The service rate of the relaying queue Q sd under the TDMA policy is given by
where 1 − ω is the probability of assigning the current time slot to the secondary receiver for transmission. The expression of μ sd [see (40)] is explained as follows. A packet at the head of Q sd is served if the primary queue is empty, which occurs with probability 1 − λ p /μ p ; the time slot is assigned to the secondary receiver, which occurs with probability 1 − ω; and the sd → pd link is not in outage.
In a similar fashion, the mean service rates of the secondary own and relaying queues are given by
where ω is the probability of assigning the current time slot to secondary transmitter, and α is the probability that the secondary transmitter selects the secondary queue Q s for transmission. The optimization problem that obtains the maximum secondary stable throughput is given by
We maximize the secondary mean service rate under the stability of all other queues in the system and as the optimization parameters α, ω, f s , f sd , and P vary over their domains. For a given f s ∈ [0, 1], f sd ∈ [0, 1], and P ∈ {0, 1}, the optimization problem (43) is a linear program. Since 1 − ω, αω, and (1 − α)ω sum up to 1, the optimal parameters are
The optimal solution must satisfy the constraint that αω + ω(1 − α) + (1 − ω) = 1. Hence, the stability region for fixed
, and P ∈ {0, 1} is given by (47), shown at the bottom of the page. Next, as special cases of our system, we revisit two wellknown systems, where the secondary transmitter is the only node that may help the primary user. The two systems have been studied in several works such as [8] , [9] , and the references therein without deriving their exact stability regions or the analytic optimal parameters used for the operation of the systems. We derive the exact optimal parameters that are needed to operate the system. Moreover, we provide some insights to the problem and address some important issues needed for cooperation. We also prove the convexity of the stability regions of the simplified systems. Note that these two systems are obvious inner bounds on the proposed cooperative system as they could be obtained from the proposed system via setting some parameters to unity or zero. The two systems will be used in Section VI for comparison.
V. CASE OF f sd = 0 WITH AND WITHOUT PRIORITIZED RELAYING
A. Case of f sd = 0 With Prioritized Relaying
Here, we investigate the exact stability region of the proposed system when f sd = 0 and with a priority of transmission assigned to the relaying packets over the secondary packets. Under this setting, the secondary transmitter is the only cooperative terminal with the primary transmitter in the network. The secondary transmitter uses the idle time slots of the primary transmitter to transmit a packet from the relaying queue with probability 1 if the relaying queue is nonempty. If both the primary and relaying queues are empty, the secondary transmitter transmits a packet from its own queue. We denote this system byŜ (NP) . The service and arrival rates of each queue in the system are given by
Note that μ s is proportionally increasing with (1 − (λ ps /μ ps )).
The term (1 − (λ ps /μ ps )) indicates the priority of transmission assigned to the relaying packets over the secondary packets. The stable-throughput region of the system can be obtained by formulating a constrained optimization problem similar to that discussed above for the S (RA) system, where we fix λ p and maximize μ s as f s varies over [0, 1], i.e., max .
After some mathematical manipulations, the optimization problem reduces to min .
where K = P p,pd P p,s . The objective and the constraints of the above optimization problem are linear; hence, the optimization problem is a linear program. It can be noted that, if P s,pd = P p,pd , the above optimization problem will be reduced to a feasibility problem [28] . The relaying queue constraint can be rewritten as
The term (P s,pd /(f s P p,pd P p,s +P s,pd )) is obviously less than 1. Based on (51), the constraint on the relaying queue subsumes that of the primary queue.
The optimal value of the acceptance factor f s , according to the quality of the p → pd and s → pd links, is given by the following.
• If P p,pd < P s,pd
• If P p,pd > P s,pd
• If P p,pd = P s,pd , the problem is reduced to a feasibility problem. The optimal f s is given by
Thus, the secondary transmitter according to the channel quality chooses the optimal value of the admitting factor f s . The optimal solution of f s has the following intuitive explanation: If, on the average, the s → pd channel is worse than the p → pd channel, then it is better for the primary transmitter to deliver its own packets.
Remark 2: If the p → pd and s → pd links have the same quality, the stability region of the network will not depend on f s ; hence, setting f s to any value will not change the stability region. However, we would emphasize the following: If we aim at designing an energy-efficient scheme for the primary user, then setting f s = 1 would be the optimal solution. This is because the undelivered primary packet will be delivered to the primary receiver without further energy from the primary transmitter if the secondary transmitter could decode it. On the other hand, if we aim at designing an energy-efficient scheme for the secondary user, then setting f s = 0 would be the optimal solution. This is because the primary transmitter will be the responsible to retransmit and deliver its own packets to its destination without any aid from the secondary transmitter; hence, the secondary transmitter will not spend any energy to deliver those packets. Note that, in both cases, we obtain the exact same stable-throughput region for the primary-secondary network. Nevertheless, the value of f s manages the transmit energy that is used by a terminal, on the average, to achieve certain energy constraints or requirements. However, this is outside the scope of this paper.
The stability region ofŜ (P) is given by (53), shown at the bottom of the page.
Proposition 1:
The stability region ofŜ (P) is a convex polyhedron.
Proof: Using the optimal value of f s , and the stability region expression in (53), we can show that the stability region ofŜ (P) is convex; specifically, the stability region is a convex polyhedron. That is, if P p,pd < P s,pd , then f * s = 1. The stability region, after some simplifications, is then given by (54), shown at the bottom of the page. If P p,pd > P s,pd , then f * s = 0. The stability region, after some simplifications, is then given by
The convexity of the stability region ofŜ (P) implies that, for any given two stable rate pairs (λ p , λ s ), the line segment connecting them is also in the set and hence is composed of stablerate pairs. Note that, based on the stable-throughput region expression, the envelope of the stability region linearly decreases with λ p . The degradation rate with increasing λ p is given by
where ∂λ s /∂λ p represents the first derivative of λ s with respect to λ p .
B. Case of f sd = 0 Without Prioritized Relaying
Here, we investigate the stability region of a cooperative cognitive transmitter with no priority assigned to the relaying queue and with adaptive acceptance factor of the primary undelivered packets. The secondary transmitter uses the idle time slots of the primary user to transmit a packet from the relaying traffic with probability α sp or to transmit a packet from its own traffic with probability α s = 1 − α sp . This system is denoted byŜ (P) . Setting f sd = 0 in S, the arrival and service rates of each queue are given by
The stable-throughput region of the system can be obtained by formulating a constrained optimization problem similar to that discussed above for system S. The optimization problem is expressed as max .
The relaying queue stability constraint can be rewritten as
If the term (P s,pd /(f s P p,pd P p,s +α sp P s,pd )) is less than 1, the relaying queue stability constraint subsumes the primary queue stability constraint. If (P s,pd /(f s P p,pd P p,s + α sp P s,pd )) is greater than the unity, then the primary queue stability constraint subsumes that of the relaying queue stability. By combining both cases, the constraint on λ p that guarantees the stability of both the primary and relaying queues is
For a given pair of f s and α s , the stability region of the network is given by (63), shown at the bottom of the page.
Arranging the optimization problem (60), the problem becomes max .
where K = P p,pd P p,s . The optimization problem (64) is nonconvex. It can be solved via a 1-D grid search over the optimal value of f s . Fixing f s , we have the following optimization problem:
The optimization problem is linear and can be readily solved.
Note that we solve a family of convex optimization problems parameterized by f s . The optimal value of f s is taken as the solution that yields the highest value of the objective function of the optimization problem (64). The optimal value of α s for a fixed f s , denoted by α * s , is given by
The optimal access probability of the relaying queue Q ps , denoted by α * sp , is thus given by
Proposition 2: The acceptance probability f s is a monotonic decreasing function of the access probability α s . That is, increasing the data flow to the relaying queue via increasing the acceptance probability of packet relaying f s decreases the permissible selection probability of the secondary own data queue α s to maintain the queues stability.
Proof: See Appendix B. Remark 3: It can be noted that the stability envelope is proportionally increasing with α s . That is, as the access probability increases, the stability bound expands. On the other hand, if the acceptance factor f s increases, the probability of the primary queue being empty increases; hence, the bound expands. However, based on the relationship between f s and α s as shown in (66), α s is monotonic decreasing with f s (see Appendix B for proof). Recall that 1 − α s = α sp controls the service process of the relaying queue and f s controls the arrival process to the relaying queue; hence, increasing α s , which is equivalent to reducing the possibility of selecting the relaying queue for transmission, requires a reduction in f s to maintain the relaying queue stability. Thus, there is a tradeoff between helping the primary transmitter and servicing the secondary transmitter packets.
Proposition 3: The stability region of systemŜ (NP) is exactly equal to the stability region ofŜ (P) . That is
Proof: Substituting with α * s into the original optimization problem (64), we get the following optimization problem:
This optimization problem is exactly the one for the prioritized relaying system [optimization problem (50)]; thus, we conclude that random selection of queues does not expand the stability region of the system. In addition, this means that the prioritized relaying is the optimal strategy in terms of the stable-throughput region for the network where the secondary transmitter is the only cooperative node. However, we conjuncture that in terms of queuing delays of secondary packets, the random selection of queues would be better for the secondary queuing delay. This is because, in contrast toŜ (P) , the secondary packets underŜ (NP) do not have to wait for the relaying queue to be emptied before getting services. The optimal parameters for this system are given by the following.
• If P p,pd = P s,pd , the problem is reduced to a feasibility problem. However, we will obtain a set of fractions f s that satisfies the domain of the objective function and the constraints. Thus, the optimal set of f s is given by
The optimal access probabilities are then given by
One of the optimal solutions of f s is f * s = 0. In this case, the optimal values of α s and α sp are α * s = 1 and α * sp = 0, respectively.
VI. NUMERICAL RESULTS AND SIMULATIONS
Here, we provide the solution of the optimization problems considered in this paper. The inner bound, which is the union of the proposed dominant systems, and the outer bound, which is the intersection of the proposed outer bounds, of system S (RA) are shown in Fig. 2 . The parameters used to generate the figure are 6 : P p,pd = 1, P s,sd = 0.1, P p,s = 0.3, P s,pd = 0.2, P sd,pd = 0.2, P p,sd = 0.3, P sd s,pd = 0.68, and P s sd,pd = 0.68. The relationship between μ s and λ p is monotonic. 6 It must be noted that the outage probabilities are direct representatives of a set of elementary system parameters at once. In other words, a higher outage probability can be a representative of a higher detection threshold, a lower channel gain, or a longer separation distance between nodes or a combination of these parameters together, subject to scaling and proportionality factors. The stability regions of S (TDMA) , S (RA) ,Ŝ (P) , andŜ (NP) are shown in Figs. 3 and 4 . The parameters used to generate Fig. 3 are the same as Fig. 2. For Fig. 4 , we use the exact same parameters of Fig. 3 with P sd s,pd = P s,pd = 0.2 and P s sd,pd = P sd,pd = 0.2. These values are chosen to show the impact of the strong MPR capability of the primary receiver on the stability region. Since P p,pd = 1, the mean service rate of the primary queue without cooperation is zero. This means that the primary packets will not get service. Hence, the stability region of the primarysecondary network without cooperation is (λ p = 0, λ s = 0). Our proposed protocols provide significantly higher stability regions than the noncooperation (NC) scenario. In Fig. 3 , it is noted that the S (TDMA) system has the highest stablethroughput region among the considered systems, whereas the RA system S (RA) has the second best performance among the considered systems. In Fig. 4 , we show the case of strong MPR capability at the primary receiver. From the figure, the RA system S (RA) outperforms the TDMA system S (TDMA) and the simplified systemsŜ (P) andŜ (NP) . As proven in our analysis, Figs. 3 and 4 show that the stability regions ofŜ (P) andŜ (NP) coincide. Furthermore, the stability regions ofŜ (P) andŜ (NP) are affine; hence, they are convex. This follows our analysis.
The maximum primary mean service rate versus R = R p = b/W/T is plotted in Fig. 5 . The maximum μ p for S (TDMA) is higher than S (RA) . Moreover, both schemes provide higher primary service rates than the NC scenario. Let γ j,k = P j /N k be the received SNR at receiver k when the channel gain Fig. 6 shows the maximum secondary stable throughput versus R. The parameters used to generate the figure are exactly those of Fig. 5 . As shown in the figure, the maximum secondary throughput decreases with R. This is because as R increases, the outage probabilities of all links increase as well. Hence, the probabilities of correct packets decoding and the service rates decrease. This fact follows (1) and (2) .
From the figures, we conclude the following.
• The envelopes of the stability regions are monotonically decreasing with the mean arrival rate of the primary transmitter λ p . This is because, as the primary arrival rate increases, the probability of the primary queue being empty vanishes. Hence, the probability of having an empty time slot for the secondary access tends to zero. • The TDMA-based system outperforms all the other systems at low (weak) MPR capability at the primary receiver.
On the other hand, the RA-based system outperforms all the other systems at high (strong) MPR capability.
• The queues rates decrease with R. This is because the outage probabilities increase; hence, the service rates decrease.
• It is noted that the feasible range of the primary arrival rate increases due to cooperation. This is because the primary packets can be served due to existence of either one or two relay station(s) in case ofŜ (P) andŜ (NP) or S (RA) and S (TDMA) , respectively. The relay stations help in delivering the primary packets during the silence periods of the primary transmitter; hence, they increase the probability of servicing the arrived packets at the primary queue without wasting either frequency bandwidth or time slots.
VII. CONCLUSION
In this paper, we have addressed the impact of cooperation between the primary and secondary systems on their performances from the network-layer standpoint. We have investigated the maximum stable-throughput regions of S,Ŝ (P) , and S (NP) systems. In system S, the cognitive system with its transmitter-receiver pair senses the channel for idle channel resources and exploits them to relay the undelivered packets of the primary transmitter or to serve the secondary packets. To manage the multiple access nature of the channel, we have proposed two multiple-access schemes: RA and TDMA. The TDMA-based system S (TDMA) has shown to provide the highest stable throughput for the secondary system in the case of low MPR capability. On the other hand, the RA-based transmission system S (RA) has shown to be the best system in case of high MPR capability. This means that, at high MPR capability, the RA scheme, which requires less cooperation between the secondary transmitter and the secondary receiver than the TDMA scheme to be implemented, provides a higher throughput region than the other schemes. We have investigated two simplified systems of S. In the first simplified system, denoted byŜ (P) , the secondary transmitter assigns higher priority to the relaying queue. That is, if the primary and relaying queues are empty at the same time, the secondary transmitter transmits a packet from its own queue. In the second simplified system, denoted byŜ (NP) , the secondary transmitter uses the silence periods of the primary transmitter to serve a packet from one of its queues. The selection of a queue in a give time slot is random with certain adjustable probability. The analysis has shown that bothŜ (NP) andŜ (P) achieve the exact same stability regions. This means that, when only the secondary transmitter cooperates with the primary transmitter, the optimal selection policy between queues will be to assign the highest priority of transmission to the relaying packets. The results have revealed the significant performance of S overŜ (NP) andŜ (P) . In other words, the maximum stable-throughput regions ofŜ (P) and S (NP) are always subsets of the maximum stable-throughput region of S.
APPENDIX A PROBABILITY OF CORRECT RECEPTION UNDER INTERFERENCE
Under the Rayleigh fading channel model, the outage probability between terminals j and k when there is an interference from node [13] is given by
where {T } is the event that terminal is transmitting a packet. After some mathematical manipulations, it can be shown that the probability of correct packet reception in case of interference is given by P j,k = P j,k 
